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A spectral  analysis  of  the  x-ray  fluence  from  the  Aerospace  Mark  IV  plasma 
focus  operated  in  the  retro-focus  mode  is  discussed.  A dosimeter  fixture 
with  11  thermoluminescent  detectors  was  used  to  resolve  the  spectrum  in  the 
range  of  1 to  1000  keV.  Two  x-ray  converter  materials,  tantalum  and  alumi- 
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unfolded  from  experimental  data  by  using  an  operator-implemented  computer 
routine.  An  effective  softening  of  the  spectrum  caused  by  the  K-line  emission 
at  1.  5 keV  was  observed  when  the  aluminum  converter  was  used.-* 
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FIGURES 


1.  INTRODUCTION 


A the rmolumine scent  detector  (TLD)  fixture  was  fabricated  to  resolve 
the  x-ray  spectrum  from  the  Mark  IV  plasma  focus  operated  in  the  retro- 
focus  simulator  (RFS)  mode.  The  diagnostics  were  specifically  designed  to 
resolve  the  spectrum  in  the  range  of  1 to  1000  keV  for  various  converter 
materials  to  demonstrate  spectral  tailoring.  The  technique  has  been  used 
with  both  aluminum  and  tantalum  converters. 

Previous  spectral  analyses  on  the  RFS  were  conducted  by  using  com- 
binations of  transmitting  foils  and  silicon  PIN  diode  detectors.  The  diode 
response  was  proportional  to  the  x-ray  dose  rate,  unlike  the  TLDs,  which 
are  dose-dependent.  The  use  of  TLDs  as  dosimeters  has  two  particularly 
attractive  features:  (1)  the  small  physical  size  of  the  dosimeters  permits 

the  simultaneous  irradiation  of  several  TLDs,  which  minimizes  experimental 
error  from  poor  reproducibility,  and  (2)  contributions  from  fluorescence  and 
Compton  scattering  are  more  easily  included  in  the  analysis. 


II.  EXPERIMENTAL  DESCRIPTION 


ii 


The  Mark  IV  retro-focus  simulator  is  shown  in  Fig.  1.  A significant 
modification  of  the  conventional  mode  of  operation  is  the  use  of  a hollow- 
center  electrode  through  which  an  energetic  electron  beam  is  transported  to 
an  x-ray  converter  by  a copper  drift  tube  extension.  Thick  targets  of  alumi- 
num or  tantalum  are  supported  inside  the  converter  housing  to  which  a 1.4  m 
diagnostic  tube  is  attached.  Provision  was  made  for  the  inclusion  of  an  x-ray 
window  between  the  housing  and  the  diagnostic  tube;  however,  these  measure- 
ments were  conducted  without  the  window  in  order  to  avoid  attenuation  of  the 
low-energy  photons.  High-energy  electrons  scattered  from  the  converter 
were  prohibited  from  entering  the  x-ray  diagnostics  by  a 2.  5 kG  magnet 
oriented  transverse  to  the  diagnostic  tube.  A large  aperture  gate  valve  was 
installed  adjacent  to  the  diagnostics  so  that  the  dosimeter  fixture  could  be 
removed  without  bringing  the  main  chamber  to  ambient  pressure. 

Typical  operating  parameters  were  static  fill  pressures  of  2.  5 to  3.  5 
Torr  deuterium  and  bank  voltages  of  12  to  16  kV . Higher  charging  voltages 
were  not  used  because  of  concomitant  risks  of  insulator  damage.  Experi- 
ments were  conducted  at  a total  capacitance  of  168  pF  in  addition  to  several 
exposures  at  84  pF.  In  order  to  accommodate  the  diagnostics,  the  device 
was  operated  in  the  grounded  switch  mode,  i.e.,  the  center  electrode  (anode) 
and  attached  drift  tubes  were  grounded. 

The  Harshaw  TLD-200  (CaF^rDy)  dosimeters  are  mounted  inside  a 
4.9  cm  diam  aluminum  cylinder,  which  is  described  in  detail  in  Appendix  A. 

The  fixture  houses  an  array  of  1 1 transmission  filters  affixed  to  the  front  of  the 
package  and  their  corresponding  dosimeters,  which  are  attached  at  the  back 
plane.  The  TLD  dosimeter  crystals  are  square  chips  3.2  mm  on  each  side 
and  0.  89  mm  thick.  The  11  TLDs  were  selected  from  a larger  batch  subject 
to  the  condition  that,  when  exposed  to  a constant  dose  of  soft  or  hard  x-rays, 
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Figure  1.  Experimental  Arrangement  of  RFS  Grounded  Anode  Configuration 


the  detectors  exhibited  shot-to-shot  reproducibility  in  response  to  both 
spectra  to  within  2%.  This  aided  in  the  elimination  of  TLDs  that  had  imper- 
fections, dirty  surfaces,  or  diffe  rent  thicknesses,  which  would  have  resulted 
in  erroneous  readings.  The  less  stringent  condition  that  the  TLDs  have 
responses  similar  to  each  other  was  applied  where  possible. 


HI.  ANALYSIS 


The  x-ray  absorption  of  the  TLD  crystals  was  calculated  by  using  the 
energy  transfer  cross  section,  which  consists  of  the  photoelectric  cross 
section  and  the  Klein-Nishina  contribution  (Compton  absorption)  to  the  energy 

] ( 2 

transfer  cross  section.  ’ The  computed  absorption  for  photon  energies  in 
the  range  of  1 to  1000  keV  is  given  in  Appendix  B. 

The  filtration  and  the  supporting  windows  used  in  the  fixture  are  listed 

in  Table  1.  The  corresponding  x-ray  transmission  for  each  of  the  filters 

is  shown  in  Fig.  B-2,  where  each  curve  is  indexed  by  the  designation  used 

in  Table  1.  The  transmissions  were  computed  by  using  the  total  cross 

section,  which  consists  of  the  photoelectric  cross  section  in  addition  to  the 
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total  Klein-Nishina  cross  section.  ’ 

At  a given  distance  from  the  x-ray  source,  the  fluence  can  be 
expressed  as  a summation  over  N intervals  such  that 


.‘f  = } ^ F.  AE.  cal/crr/ 

j j 


where  F.  is  the  differential  fluence  of  each  interval  in  dimensions  of 
2 •* 

cal/cm  -keV,  and  AE.  is  the  width  of  each  energy  interval  in  keV.  Thus,  the 
dose  received  by  a TLD  that  is  behind  filter  i can  be  represented  as 


W.  H.  McMaster  et  al.  Compilation  of  X-Ray  Cross  Sections,  UCRL  50174, 
Sec.  II,  Rev.  I,  Lawrence- Live rmore  Laboratories,  Livermore, 

California  (May  1969). 
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where  T is  the  x-ray  transmission  of  filter  i at  energy  interval  j,  a 

ij 

the  TLD  conversion 


Rad(CaF?)  -cm 


i [ 1 -exp(-ppt)].  is  the  TLD  absorption,  and  p and  t are  the 
ckness  of  the  dosimeters,  respectively. 

sed  TLDs  are  analyzed  by  using  a reader  whose  output  in 
is  proportional  to  the  x-ray  dose.  Therefore,  it  is  appropriate 
. r>  Im-nnll  w/hich  is  nrooo rtional  to  G..  This  now 


where  X includes  the  constants  in  Eq.  (3)  as  well  as  the  sensitivity  of  the 
crystals.  The  value  of  X was  experimentally  determined  by  using  a cali- 
brated x-ray  source. 

Thus,  the  expression  in  Eq . (4)  may  be  rewritten  in  matrix  form  as 


where  D is  a vector  that  describes  the  relative  response 
and  the  vector  F denotes  the  incident  spectrum.  The  ele 
are  computed  by  using  the  relation 


Further  details  concerning  the  determination  of  the  transfer  matrix  A are 
given  in  Appendix  B. 


IV.  CALIBRATION 


The  relative  calibration  and  reproducibility  of  the  TLDs  were  measured 
by  multiple  exposures  on  a dc  x-ray  tube  and  on  the  RFS.  A minimal  filtra- 
tion of  1.8  X 10'3  cm  beryllium  encapsulated  the  crystals.  The  RFS  delivered 
primarily  a surface  dose,  whereas  the  100  kV  x-ray  tube,  whose  spectrum 
was  hardened  with  0.  13  mm  of  Cu,  produced  a more  uniform  bulk  dose. 
Successive  exposures  determined  that  the  relative  response  was  within  2% 
for  surface  and  bulk  doses. 


The  sensitivity  of  the  TLDs  was  determined  by  exposing  the  dosimeters 

in  the  fixture  to  the  radiation  from  the  x-ray  tube.  Several  calibration  runs 

were  made  at  operating  parameters  of  100  kV  and  1 mA  for  a 10  min  interval. 

The  spectrum  was  hardened  with  0.  13  mm  of  Cu  so  that  the  spectrum  and 

fluence  could  be  precisely  predicted.  For  these  parameters,  the  total 
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fluence  at  a distance  of  1.4  m was  calculated  to  be  8.04  X 10  cal/cm  . The 

7 

constant  \ was  computed  to  be  (6.0  ± 0.  5)  X 10  for  three  series  of  calibration 
exposures. 


3 

E.  Storm,  H.  I.  Israel,  and  D.  W.  Lier,  B rems  strahlung  Emission 
Measurement  from  Thick  Tungsten  Targets  in  the  Energy  Range  12~to  300  kV  , 
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V.  EXPERIMENTAL  RESULTS 


An  improvement  in  signal-to-noise  ratio  and  a consequent  reduction  in 
error  were  obtained  by  averaging  the  data  over  multiple  exposures.  Typically, 
5 to  1 5 exposures  of  the  fixture  by  the  RFS  at  1.4  m were  performed  before 
the  dosimeters  were  read.  The  total  dose  received  by  each  TLD  dosimeter 
was  divided  by  the  total  number  of  exposures  to  obtain  an  average  dose  per 
shot.  The  data  were  normalized  to  the  response  of  filter  set  No.  1,  as  shown 
in  Table  2 for  both  aluminum  and  tantalum  converters.  Also  included  in  the 
table  is  the  relative  response  when  irradiated  by  the  dc  x-ray  tube  during  the 
calibration  experiments  and  estimates  of  the  uncertainty  in  the  data.  It  is 
believed  that  variations  in  the  spectrum  from  shot  to  shot  accounted  for  this 
scatter  in  the  data. 

The  absolute  response  of  TLD  No.  1 is  shown  in  Table  3 for  both 
aluminum  and  tantalum  converters.  The  machine  was  operated  at  static 
deuterium  fill  pressures  of  3.  3 Torr;  the  relevant  electrical  parameters  are 
shown  in  the  table.  As  anticipated,  the  fluence  from  the  tantalum  converter 
was  approximately  four  times  larger  because  of  the  Z-dependence  of  the  x-ray 
efficiency . 


Table  2.  Relative  TLD  Response  on  the  RFS 


Filter 
Index 
i,  No. 

A1  Converter 
Response 

T a Conve  rte  r 
Response 

X-Ray  Tube 
Response, 
w/0 . 13  mm  Cu 

1 

1. 00 

1.00 

1.00 

2 

0.  92  ±0.01 

0.96  ± 0.01 

1.00  ±0.02 

3 

0. 87  ± 0.02 

0.91  ± 0.02 

1.00  ±0.02 

4 

0. 66  ± 0.02 

0.  68  ± 0.02 

0.97  ±0.02 

5 

0.45  ±0.01 

0.46  ± 0.02 

0.95  ±0.02 

6 

0.  099  ± 0. 008 

0.  12  ± 0.02 

0.  65  ±0.03 

7 

0.  027  ± 0. 004 

0.038  ± 0.008 

0.265  ± 0. 001 

8 

0. 010  ± 0.  004 

0.006  ± 0.001 

0.0185  ± 0.0005 

9 

0.  002  ± 0.  0004 

0.002  ± 0.0004 

0.0008  ± 0.0002 

10 

0.  0007  ± 0. 0003 

0.0007  ± 0.0003 

1 1 

0.  00005  ± 0.00002 

0.00005  ± 0.00002 

Table  3.  Average  Response  of  Reference  Dosimeter  No.  1 


Converte  r 

Bank  Capacitance, 
pF 

Bank  Voltage, 
kV 

Bank  Energy, 
kJ 

Response, 

ncoul/shot 

Ta 

168 

14 

16.  5 

6.0  ± 1.0 

84 

16 

10.  8 

7.0  ± 0. 3 

A1 

168 

14 

16.  5 

1. 5 ± 0. 5 

til 


VI.  SPECTRAL  CALCULATIONS 


Spectra  were  computed  for  the  tantalum  and  aluminum  converters  by 
vising  an  operator-implemented  computer  routine  to  search  for  a fluence  vector 
F that  satisfies  the  measured  relative  response  of  the  TLD  dosimeters  that  are 
elements  of  the  data  vector  D - Thus,  a solution  for  Eq.  (5),  D = ^ A F , was 
found  by  using  the  transfer  matrix  in  Appendix  B and  the  data  in  Tables  2 and 
3.  From  Table  3,  absolute  responses  of  7.0  ncoul/shot  for  tantalum  and 
1.  5 ncoul/shot  for  aluminum  were  used  as  the  reference  data  to  generate  the 
x-ray  spectra  of  the  two  converters. 

The  computed  differential  fluence  at  1.4  m for  tantalum  and  aluminum 
converters  is  shown  in  Table  4 and  Figs.  2 and  3,  respectively.  Included 
in  the  table  is  the  error  in  the  computed  D vector  values,  generated  by  the 
chosen  fluence  vector  F,  that  falls  outside  the  experimental  data  range.  The 
computer  search  was  designed  to  minimize  this  error. 

The  total  x-ray  fluence  per  shot  for  the  two  spectra  was  computed  from 

7 2 

Eq.  (1).  A total  fluence  of  3.  37  X 10"  cal/cm  was  calculated  for  the  tantalum 

^ - 8 2 
converter,  whereas  a smaller  fluence  of  8.22  x 10  cal/cm  was  computed 

for  the  aluminum  converter  at  a distance  of  1.4  m. 
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Table  4.  Computed  Differential  Fluence  at  1.4  m from  RFS 


E , AE„ 

j J J 

keV  keV 


1 1.3 

2 2.5 

3 5.0 

4 9.0 

5 16 

6 30 

7 60 

8 1 10 

9 2 10 

10  400 


Tantalum  Converter 
/ cal  \ ^ 


icm  -k eV/ 


Error, 

% 


Aluminum  Converter 

' ■ (—  ) Eri 

•*  \cm  -keV / 


2.  33  x 

10-9 

0.8 

2.  50  X 

10"9 

2.92  X 

10'9 

0 

1.  13  x 

IO"9 

3.  50  X 

10~9 

0.26 

7.  50  X 

io"10 

3.  50  X 

10~9 

0 

5.00  X 

io-10 

4.  67  x 

IO"9 

2.  8 

1.08  X 

IO-9 

3.  50  x 

10"9 

1.8 

6.  75  x 

io-10 

1.93  x 

10~9 

0 

3.  13  X 

io-10 

5.  84  x 

io-10 

0 

2.  25  X 

io-10 

3.  50  x 

io- 10 

0 

1.25  X 

io-10 

9.  34  x 

io-11 

0 

2.  00  X 

io-11 

0 

0 

VII.  DISCUSSION 


A comparison  of  the  two  spectra  clearly  shows  the  effective  softening 

of  the  x-ray  spectrum  due  to  strong  K-linc  emission  at  1.5  keV  when  using 

the  aluminum  converter.  There  is  also  a reduction  in  the  aluminum  fluence 

by  a factor  of  approximately  4 because  of  the  Z dependence  of  the  conversion 

efficiency.  Other  dominant  features  are  the  peak  in  the  continuum  radiation 

for  both  spectra  in  the  12  to  20  keV  interval  and  the  existence  of  hard  x rays 

extending  to  energies  in  the  hundreds  of  kilovolts.  As  expected,  both  spectra 

-15.. 

decrease  similarly  for  energies  greater  than  80  keV  (~  E ).  As  indicated 
in  Fig.  2,  significant  contribution  from  the  tantalum  K-line  was  not  observed. 

The  spectrxim  for  the  aluminum  converter  was  found  to  be  similar  to 
that  of  an  analysis  using  foil-PIN  diode  arrays.  This  initial  study  identified 
the  peak  in  the  continuum  at  20  to  30  keV , which  is  slightly  greater  than 
shown  here,  and  the  dependence  of  the  spectra  with  energy  was  found  to  fall 
off  somewhat  faster  E ).  However,  it  is  believed  that  the  spectrum 
shown  in  Fig.  3 is  the  more  accurate  of  the  two  because  contributions  from 
fluorescence  and  Compton  scattering  were  not  included  in  the  PIN  diode 
analysis. 

Efforts  were  made  to  estimate  the  uncertainty  in  total  x-ray  fluence  by 
comparing  the  total  fluence  measured  in  this  analysis,  using  the  TLDs  and 
the  aluminum  converter,  with  the  total  flux  computed  in  the  PIN  diode  analysis. 
From  this  comparison,  it  was  concluded  that  the  x-ray  pulse  must  be  3 to 
4 nsec  wide,  which  is  approximately  a factor  of  5 less  than  measured.  This 
discrepancy  results  from  a combination  of  several  factors.  A factor  of 
2 to  3 occurs  because  this  study  analyzed  an  average  shot  from  the  RFS, 
whereas  only  good  shots  were  considered  in  the  PIN  diode  analysis.  Another 
major  source  of  error  in  determining  absolute  fluence  is  the  uncertainty 
of  the  x-ray  intensity  of  the  dc  x-ray  tube  used  to  calibrate  the  system. 
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APPENDIX  A.  DESCRIPTION  OF  FOIL-TLD  DOSIMETER  FIXTURE 


The  fixture  that  houses  the  11  TLD  dosimeters  is  shown  in  Figs.  A- 1 
and  A-2.  A description  of  the  geometry  for  one  filter-TLD  pair  is  also 
shown  in  Fig.  A-2.  The  individual  TLDs  are  sandwiched  between  a 0.013  mm 
foil  of  Kapton  and  a removable  cover  secured  with  thumbscrews  located  at 
the  back  plane,  except  for  the  channels  that  have  minimal  filtration.  For 
these  channels,  0.018  mm  of  beryllium  was  substituted,  and  the  attenuation 
was  included  in  the  analysis. 

The  transmission  filters  on  the  front  of  the  package  are  mounted  over 
8-mm-diam  apertures  in  a 1.  3-cm-thick  lead  plate.  The  relevant  dimensions 
were  selected  such  that  an  8.  6-mm-diam  disk  would  be  irradiated  at  the 
detector  plane  by  a point  source  located  1.4  m from  the  fixture.  This  design 
ensures  that  each  TLD  is  uniformly  irradiated,  inasmuch  as  the  TLDs  are 
3.2  mm  square,  and  avoids  cross-talk  between  adjacent  detectors  (minimum 
TLD  spacing  is  1.  5 cm,  center-to-center). 

The  fixture  was  designed  to  minimize  contributions  from  fluorescence 
and  Compton  scattering.  An  estimated  reduction  in  the  fluorescence  from  the 
filters  by  a factor  of  1500  was  obtained  by  the  11.3  cm  separation  of  the 
dosimeters  from  the  filter  plane  due  to  the  isotropy  of  the  fluorescent  radia- 
tion. This  feature,  together  with  the  use  of  lead,  also  reduces  the  effects 
of  Compton  scattering.  Despite  these  precautions,  Compton  scattering 
introduced  a significant  error  into  the  three  most  highly  filtered  TLD  dosi- 
meters. This  difficulty  was  overcome  by  locating  these  dosimeters  in 
three  separate  2-cm-thick  lead  housings  that  were  placed  the  same  distance 
from  the  x-ray  converter  as  the  fixture. 
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APPENDIX  B.  DETERMINATION  OF  TRANSFER  MATRIX 


The  elements  of  the  transfer  matrix  A used  in  the  solution  of  Eq.  (5) 
were  computed  by  using  the  data  in  Figs.  B-l  and  B-2  and  the  equation 


A..  = (l-e_tApt).  T..  AE. 
ij  J iJ  J 


where  AE^  is  the  width  of  the  jth  energy  interval  in  keV,  and  T^j  represents 
the  transmission  of  foil  i in  interval  j.  The  expression  (l-e-p,pt)j  is  the 
absorption  of  the  TLD  detectors. 

The  x-ray  absorption  of  the  TLD  crystals,  calculated  by  using  the  photo- 
electric cross  section  and  the  Klein-Nishina  contribution  to  the  energy  transfer 
cross  section,  is  shown  in  Fig.  B-l  for  photon  energies  in  the  range  of  1 to 
1000  keV.  For  energies  less  than  15  keV,  the  TLDs  are  totally  absorbing. 
Photoelectric  processes  are  dominant  for  energies  as  great  as  150  keV, 
whereas  absorption  for  energies  greater  than  150  keV  is  dominated  by  Compton 
scattering. 

The  x-ray  transmission  for  each  of  the  filters  listed  in  Table  1 is  shown 
in  Fig.  B-2,  where  each  curve  is  distinguished  by  the  same  index  designations 
used  in  Table  1.  These  transmissions  were  computed  by  using  total  cross 
sections,  which  consist  of  the  photoelectric  and  the  total  Klein-Nishina  cross 
sections.  In  order  to  avoid  discontinuties , the  filters  were  selected  such  that 
the  useful  spectral  range  of  the  material  was  significantly  above  the  K-edge. 
The  1 1 intervals  into  which  the  spectral  range  1 to  1000  keV  was  divided  are 
also  shown  in  Fig.  B-2.  The  intervals  were  selected  to  be  approximately 
equally  spaced  on  a logarithmic  scale.  The  average  energy  assigned  to  each 


(B-l) 


interval  Ej  is  shown  as  a subdivision  and  is  the  geometric  mean  of  the 

boundaries  of  that  interval.  The  transmission  T. . of  a foil  i,  in  the  interval 

ij 

j,  was  calculated  by  using  the  average  energy  of  that  interval  E..  The  com- 

J 

puted  transfer  matrix  A is  shown  in  Table  B-l. 
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2 X-Ray  Transmission  of  the  Filter  Sets  Described  in 
Table  1 and  Corresponding  Energy  Into rvals 


THE  IVAN  A.  GETTING  LABORATORIES 


The  Laboratory  Operation*  of  The  Aerospace  Corporation  ie  conducting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver- 
satility and  flexibility  have  been  developed  to  a high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  space~and  missile  systems.  Expertise  in  the  latest  scientific  devel- 
opments is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Acrophysics  Laboratory:  Launch  and  reentry  aerodynamics,  heat  trans- 
fer, reentry  physics,  chemical  kinetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high-power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmos- 
pheric  optics,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
of  excited  species  in  rocket  plumes,  chemical  thermodynamics,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  surface  phenomena,  photo- 
sensitive materials  and  sensors,  high  precision  laser  ranging,  and  the  appli- 
cation of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Electronics  Research  Laboratory:  Electromagnetic  theory,  devices,  and 
propagation  phenomena,  inducting  plasma  electromagnetics;  quantum  electronics, 
lasers,  and  electro-optics;  communication  sciences,  applied  electronics,  semi* 
conducting,  superconducting,  and  crystal  device  physics,  optical  and  acoustical 
imaging;  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials;  metal 
matrix  composites  and  new  forms' of  carbon;  test  and  evaluation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanics  to  stress  cor- 
rosion and  fatigue -induced  fractures  in  structural  metals. 

Space  Sciences  Laboratory:  Atmospheric  and  ionospheric  physics,  radia- 
tion from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurorae 
and  airglow;  magnetospheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  the  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy;  the  effects  of  nuclear  explosions, 
magnetic  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  and 
magnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia- 
tions in  space  on  space  systems. 
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